frequency (0.017 Hz). The mean interspike interval (ISI)
1C). Thus, there were bidirectional modifications of both synaptic efficacy and presynaptic firing properties. of action potentials was used as a parameter for the firing characteristics. The synaptic strength between the Similar recordings were made from many connected pairs of hippocampal neurons, using correlated activapair of recorded neurons was monitored by the amplitude of the first excitatory postsynaptic current (EPSC) tion at different time intervals. For 16 neuronal pairs in which LTD was induced by coactivation at negative evoked by a train of action potentials.
In the first set of experiments, we examined the effect intervals in the range of Ϫ15 to Ϫ5 ms, there was a consistent increase in the mean ISI of the presynaptic of correlated pre-and postsynaptic activity that is known to induce LTP or LTD at glutamatergic synapses neuron following LTD induction (Figures 2A and 2B ). At 10-20 min after coactivation of the neuronal pairs with in these hippocampal cultures (Bi and Poo, 1998). Repetitive step-depolarizations (1 ms, ϩ150 mV) were applied reciprocal connections (n ϭ 11), the mean ISI increased by 35% Ϯ 16% (mean Ϯ SEM) and the EPSC amplitude to the presynaptic neuron (V c ϭ Ϫ70 mV, 1 Hz, 80 s), each paired with a postsynaptic action potential, either decreased by 38.6% Ϯ 9.6% (mean Ϯ SEM). Similar changes were observed in neuronal pairs with (n ϭ 11) before ("negative" intervals) or after ("positive" intervals) the presynaptic stimulation. An example of the recording or without (n ϭ 5) recurrent connections, suggesting that the observed changes in presynaptic firing were from a pair of glutamatergic neurons is shown in Figure  1 . Following repetitive coactivation of the neurons at a unlikely to result from the presence of recurrent connections. Ganguly et al. (2000) had previously reported a negative interval of Ϫ8 ms (post/pre, S1 in Figure 1A ), there was a persistent reduction in the amplitude of the decreased threshold for spiking after LTP induction.
Here we observed an increased threshold for spiking first EPSC. Subsequent repetitive coactivation of the same pair of neurons at an interval of ϩ5 ms (pre/post, after LTD (from Ϫ43.8 Ϯ 4.1 to Ϫ37.5 Ϯ 5.7 mV, SEM, n ϭ 4, p Ͻ 0.05, paired t test). In agreement with Ganguly S2 in Figure 1A and the EPSC amplitude increased by 79% Ϯ 26% (SEM, changes in the mean ISI were observed, the input resistance of the presynaptic neuron remained stable (97% Ϯ n ϭ 6). Consistent with the bidirectional modulation of ISI, there were corresponding changes in the total spike 2.7% of the control value at 10-20 min after correlated activity of negative intervals, n ϭ 16, p ϭ 0.81; 96% Ϯ number during a 300 ms step depolarization. The spike number decreased by 25.0% Ϯ 3.3% (SEM, n ϭ 16; p Ͻ 5.3%, n ϭ 6, p ϭ 0.66 for positive intervals). Thus, the observed alteration in the presynaptic firing was unlikely 0.001) after LTD induction and increased by 37.6% Ϯ 9.1% (SEM, n ϭ 6; p Ͻ 0.005) after LTP induction. In to result from activity-induced changes in passive membrane properties, at least at the soma. Furthermore, the contrast to the above results, repetitive coactivation at spike timing intervals in the range of Ϫ100 to Ϫ40 ms constancy in the membrane potential changes induced by injection of step hyperpolarizing current during meafailed to induce any modification of either synaptic strength or presynaptic excitability ( Figures 2E and 2F) . surement of input resistance suggests that I h channels are not involved in the changes in presynaptic excitabilFurthermore, pre-or postsynaptic activation alone (at 1 Hz for 80 s) was also ineffective (Figures 2G and 2H) .
ity (see below). Similarly, repetitive postsynaptic activation alone had no effect on mean ISIs observed in the postsynaptic Dependence on the Spike Timing Previous studies in several systems have shown that the neurons (see Supplemental Figure S1 at http://www. neuron.org/cgi/content/full/41/2/257/DC1 Throughout these experiments, the presynaptic memFroemke and Dan, 2002). We have systematically examined the presynaptic firing property following correlated brane potential remained unchanged. It was Ϫ70.7 Ϯ 1.7 mV at 0-10 min before and Ϫ70.1 Ϯ 1.5 mV (SEM, n ϭ pre-and postsynaptic activation at different spike timing intervals from Ϫ100 to ϩ100 ms. As shown in Figure 3 , 16, p ϭ 0.93, paired t test) at 10-20 min after correlated activation at negative intervals. For positive intervals, it we observed a marked correspondence between the time windows for activity-induced changes in the mean was Ϫ70.6 Ϯ 0.79 mV and Ϫ69.5 Ϯ 0.71 mV (SEM, n ϭ 6, p ϭ 0.20), respectively. In addition, when marked ISI and synaptic efficacy, both requiring that the interval acute cortical slices are fully consistent with the findings in hippocampal cultures described above.
Dependence on the Postsynaptic Cell Type
In addition to the synapses between pairs of glutamatergic neurons, we have also examined glutamatergic synapses onto GABAergic neurons (E→I) in hippocampal cultures. As shown in Figures 5A and 5B, repetitive coactivation at intervals of Ϫ8 to Ϫ6 ms, which normally induces an increase in presynaptic ISI and LTD of E→E synapses, was ineffective in modifying either synaptic efficacy or the presynaptic firing property. This result is consistent with previous findings that at these E→I synapses correlated pre-and postsynaptic activation of LTP and LTD by correlated activity was not affected tion in the mean ISI at 5-15 min after the drug treatment. In contrast, application of dibutyryl cAMP (dB-cAMP, when the presynaptic neuron was loaded with specific PKC inhibitor Calphostin C (100 nM) through the perfora-100 M), a membrane-permeable analog of cAMP, significantly decreased the neuronal firing, with 34.8% Ϯ ted patch pipette, but the mean ISI remained unchanged throughout the experiment. The results of all experi-9.0% (n ϭ 5) increase in the mean ISI ( Figure 7H ). Because presynaptic loading of PKC inhibitors was found ments using the LTD-inducing protocol and presynaptic loading of specific PKC inhibitors GF 109203X (Bisindoto prevent the ISI increase induced by the LTD protocol ( Figure 7C ), we further tested whether PKC activity is lylmaleimide I Hydrochloride, 50 nM) or Calphostin C (100 nM) are summarized in Figures 7C and 7D . Similarly, necessary for the action of PKA in reducing neuronal firing. As shown in Figure 7H , co-application of Calphospresynaptic loading with a specific PKA inhibitor KT 5720 (1.0 M) also blocked the change in the mean ISI tin C (100 nM) together with dB-cAMP (100 M) indeed abolished the effect of dB-cAMP on neuronal excitabilwithout significantly disrupting LTD induction ( Figures  7E and 7F) . Thus, both PKC and PKA activities in the ity. Taken together, these results suggest that a basal PKC activity in the neuron is necessary for PKA-depenpresynaptic neuron are necessary for the reduction of presynaptic excitability following correlated activation dent processes to reduce neuronal excitability. that induces LTD.
Previous studies have shown that activation of PKC Enhancement of K ؉ Channel Activation To further understand the mechanism underlying the or PKA can modulate somatic (Madison and Nicoll, 1986) or dendritic (Hoffman and Johnston, 1998) excitability. observed reduction of presynaptic excitability, we examined whether there is any change in K ϩ channel actiWe have also examined in the present culture system whether direct activation of PKC or PKA is sufficient to vation kinetics following repetitive correlated activation. We first examined the slow-inactivating K ϩ channels by induce bidirectional modification of presynaptic excitability. As shown in Figure 7G cgi/content/full/41/2/257/DC1). Repetitive presynaptic at a negative interval ( Figure 8D ). To further test whether these slow-inactivating K ϩ channels are responsible for stimulation alone (80 pulses, 1 ms duration, ϩ150 mV, at 1 Hz) had no effect on the voltage dependence of the changes in excitability induced by correlated activity at negative intervals, we bath-applied TEA (10 mM), activation of these K ϩ channels ( Figure 8A ). However, after correlated activation at a negative interval (Ϫ6 ms), which is known to block most of delayed-rectifier K ϩ currents (Ficker and Heinemann, 1992). As shown in we observed a significant shift in the voltage-dependent activation curve toward more hyperpolarizing potentials Figures 8G and 8H , we found that the change in mean ISI was completely abolished, while induction of LTD ( Figure 8B ), suggesting that slow-inactivating K ϩ channels become more readily activated during depolarizawas not significantly affected. Thus, the increased activation of delayed rectifier K ϩ channels may account for tion, leading to a reduction of neuronal excitability. In addition, we did not observe any significant modulation the reduction in neuronal excitability after correlated activation that induced LTD, although we cannot exof K ϩ current after correlated activation at a positive interval (Figure 8C) the firing threshold and current-spiking relation in the for our finding that direct PKA activation by dB-cAMP postsynaptic neuron remain stable after the induction can reduce neuronal firing ( Figure 7H ). Consistent with of LTP. In the present study, we also fail to observe this idea, we observed that voltage dependence of slowany significant modification of postsynaptic excitability inactivating K ϩ currents showed a leftward shift toward following correlated activation that resulted in LTP/LTD hyperpolarizing potentials following bath application of (data not shown), while marked changes in excitability dB-cAMP (100 M, Figure 8E ). Furthermore, co-applicawere observed in presynaptic neurons. Such an asymtion of the PKC inhibitor Calphostin C (100 nM) together metric modulation of pre-and postsynaptic neuronal with dB-cAMP completely prevented the changes in excitability may play an important role in the information these slow-inactivating K ϩ channels ( Figure 8F ). These flow within the neural network. In these hippocampal results showed that activation of PKA is sufficient to cultures, induction of LTP/LTD at glutamatergic synenhance the activation of these K ϩ channels, hence reapses is accompanied by a rapid retrograde spread of ducing the neuronal excitability, and that the PKA effect potentiation/depression to input synapses on the dendepends on the PKC activity. can also increase neuronal excitability by amplifying the leading to increase and decrease of presynaptic excitpersistent Na ϩ current-dependent subthreshold depoability, respectively. Under physiological conditions, the larization (Franceschetti et al., 2000) . In the present presynaptic neuron may activate different postsynaptic study, we found that treatment of cultured hippocampal cells that have distinct firing patterns, and thus may neurons with PMA, a PKC activator, can also increase receive disparate retrograde signals that must be inteneuronal excitability ( Figure 7G ). This is consistent with grated into a coherent global change in presynaptic the previous finding that blocking PKC activity in the excitability. The molecular nature of retrograde signals presynaptic neuron inhibits the enhancement of presynassociated with correlated activity is largely unknown. aptic excitability induced by correlated activity, a proThey may represent distinct diffusible substances that cess attributed to the modulation of activation and inacact across the synapse (Sjö strö m et al., 2003) . Alternativation kinetics of Na ϩ channels ( . In the present correlated activity (Fitzsimonds and Poo, 1998). Our study, we showed that activating PKA by dB-cAMP refinding that the expression of LTD was unaffected by duced presynaptic excitability ( Figure 7H) . Moreover, the reduction of excitability induced by correlated actitreatments with PKC and PKA inhibitors that had elimi- 
